The flavin chromophore in blue light using FAD (BLUF) photoreceptors is surrounded by a hydrogen bond network that senses and responds to changes in the electronic structure of the flavin on the ultrafast time scale. The hydrogen bond network includes a strictly conserved Tyr residue, and previously we explored the role of this residue, Y21, in the photoactivation mechanism of the BLUF protein AppA BLUF by the introduction of fluorotyrosine (F-Tyr) analogs that modulated the pK a and reduction potential of Y21 by 3.5 pH units and 200 mV, respectively.
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Introduction
Flavins are ubiquitous biological cofactors and are found in ~1% of all proteins, usually either as flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD). 1 The chemistry associated with FMN and FAD is performed by the 7,8-dimethylisoalloxazine ring, a planar tricyclic aromatic system which can undergo 1 or 2 electron reduction and also participate in the formation of covalent adducts with reactants and amino acid side chains. [1] [2] [3] The broad distribution of flavoproteins across biological space includes flavin-dependent photoreceptors which utilize the visible electronic transition of the oxidized isoalloxazine ring, centered at around 450 nm, to sense and respond to blue-light. 4 Structural changes initiated by light absorption on the picosecond time scale lead to macromolecular reorganization and biological output on the millisecond to second time scale. 5 Of central importance in photoreceptor biology is the understanding of the underlying structural dynamics that link events separated by more than ten decades of time. Indeed, the mechanism of photoreceptor signaling is an area of intense experimental and theoretical activity, [6] [7] [8] [9] [10] [11] [12] stimulated by the recent interest in deploying flavindependent photoreceptors as optogenetic devices that enable the in vivo control of biology through non-invasive light signaling. 13 However, despite the unique qualities and potential applications of flavoprotein photoreceptors, in many cases the detailed mechanism of photocycling still remains to be elucidated.
Blue-light sensing flavoproteins are found in animals, plants, fungi, and bacteria, [14] [15] [16] [17] and include the photolyase/cryptochromes, the light-oxygen-voltage (LOV) domain proteins, and the blue light using FAD (BLUF) domain proteins. 15, 18 For both the photolyase/cryptochrome and LOV domain photosensors, photoexcitation leads to changes to the flavin that recapitulate common themes in flavin-dependent enzyme reactions: an alteration in oxidation state of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 flavin or the formation of a covalent adduct. In contrast, a unifying chemical mechanism linking flavin excitation to photoreceptor activation is yet to emerge for the BLUF protein family. While it is clear that the formation of a flavin adduct is not involved in BLUF domain activation, the role of electron transfer and accompanying changes in flavin redox state remains controversial, with both dark adapted and light adapted forms containing a fully oxidized flavin.
In the BLUF photoreceptors, 19 the flavin is surrounded by a hydrogen bonding network that includes conserved Tyr and Gln residues, both of which are essential for photoactivity 
Figure 1. The Hydrogen Bonding Network and Primary Photoactivation Mechanism
The isoalloxazine ring is surrounded by a conserved hydrogen bonded network that includes a Tyr Y21 (8) , Gln Q63 (50) and Asn N45 (32) . Also shown is a Trp W104(91) which is shown hydrogen bonded to the Gln residue in the dark state but not in the light state. Movement of the
Trp from a Trp in to a Trp out conformation is thought to be a central component of the BLUF photoactivation mechanism although we note that in the X-ray crystal structures of PixD in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dark (PDB: 2HFN) 22 and a stable lit states (PDB: 3MZI), 7 the W91 sidechain is rotated out of the binding pocket. Photoactivation involves rotation of the Gln side-chain, and in the above mechanism keto-enol tautomerism of the Gln side-chain is shown preceding side-chain rotation. 10, [23] [24] [25] Residues are numbered based on the sequence of AppA with the residue number in PixD given in parentheses.
All active BLUF domain proteins exhibit a characteristic ~10 nm red-shift in the electronic spectrum of the oxidized flavin upon blue light excitation, 26 which has been linked to the formation of an additional hydrogen bond to the flavin C2=O carbonyl group from the side chain of the conserved Gln. 5, 23, [27] [28] [29] This, in turn, is thought to result from light-induced rotation of the Gln side chain, a proposal that remains a central tenet of BLUF protein photoactivation.
5,
30-32 Based on ultrafast infrared spectroscopy, we have proposed that keto-enol tautomerism of the Gln side chain precedes rotation, 23 a hypothesis that is supported by theoretical and experimental studies. [9] [10] 24 Gln rotation may trigger a change in Trp conformation, and we and others have demonstrated that mutagenesis of the Trp uncouples the light-induced changes in the flavin absorption spectrum and hydrogen-bonding from the global changes in BLUF protein structure that accompany photoactivation.
8, 33
The light-driven changes in the hydrogen bond network presumably result from alterations in the electronic structure of the flavin caused by photoexcitation. Based on experiments with PixD (Slr1694), which controls phototaxis in the cyanobacterium Synechocystis sp. PCC 6903 through a light-dependent interaction with PixE, it has been shown that electron transfer from the conserved Tyr (Y8 in PixD) to the photoexcited isoalloxazine ring of the flavin results in formation of an anionic semiquinone radical (FAD
•-
). 25, [34] [35] [36] This electron 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 transfer is proposed to be followed by the sequential transfer of a proton leading to the neutral proteins AppA BLUF and BlsA, whereas radical formation was clearly observed in PixD. 34 We further confirmed that electron transfer did not occur during the photoactivation of AppA BLUF using the site-specific incorporation of fluorotyrosine (F-Tyr) analogs into position Y21. 21 The observation of radical formation in PixD, 34, 38 and in the BLUF protein PapB, 39 thus suggests that significant differences exist in the mechanism of photoactivation within the BLUF protein family.
To gain insight into the structural basis for the significant variation in photoactivation mechanism, we superimpose the structures of AppA BLUF and PixD in Figure 2 . Analysis of the flavin binding pocket reveals that the conserved Tyr and Gln residues, as well as N45 (N32) occupy essentially identical locations in both photoreceptors. Thus, at least on this basis, Y21 in AppA BLUF should be able to fulfill the same function in electron and proton transfer as Y8 does in PixD. However, two differences can be observed. In AppA BLUF , the FAD C2=O group makes a single hydrogen bond to H44, whereas in PixD two hydrogen bonds are present to N31 (the homolog of H44) and to R65, which is a His (H78) in AppA BLUF . We note that the homolog of N31 (H44) in BlsA is a Phe (F32), 40 and given that radical formation is not observed in either
AppA BLUF or BlsA, it is possible that alterations in the environment of C2=O may modulate the BLUF photocycle. The other major difference is the position of the conserved Trp, which is in the Trp in conformation in AppA BLUF (W104) and in the Trp out conformation in PixD (W91).
Since the X-ray structure of BlsA is not available, a comparison with this protein cannot be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 drawn. However, it is possible that the position of the Trp influences the ability of the Tyr to participate in proton coupled electron transfer (PCET), as proposed recently based on computational studies. The structures of AppA BLUF (PDB: 1YRX; yellow) and PixD (PDB: 2HFO; slate) have been overlaid to compare and contrast the hydrogen bonding network that surrounds the isoalloxazine ring of the FAD chromophore. The numbering for AppA BLUF is used for residues that are conserved between the two proteins with the residue number in PixD given in parentheses.
Superposition was performed using pymol, 41 using the main chain C α atoms of 1YRX (117 residues) and Chain A from 2HFO (150 residues) and gave an overall rmsd of 0.7 over 76 atoms.
Hydrogen bond distances are in Å. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In the current work, we have probed the specific role of the Y8 hydroxyl group in PixD Oakwood Chemical. Pyridoxal-5'-phosphate, and flavin adenine dinucleotide were purchased from Sigma-Aldrich.
F-Tyr synthesis using Tyrosine Phenol Lyase (TPL)
Tyrosine phenol lyase (TPL) was prepared and used for the synthesis of the F-Tyr analogs as previously described.
21
Expression and purification of PixD 42 Site-directed mutagenesis was first used to convert the codon for Y8 to the amber codon (TAG) in PixD using the primers in Table S1 . A C-terminal 6xHis-tag PixD construct was used (pOPINE C-6His), so that only protein with a F-Tyr incorporated at position 8 was able to bind to the Ni-NTA affinity purification resin. The PixD plasmid with the Y8-TAG mutation was co-transformed into BL21(DE3) E. coli cells together with either the E3 or E11 pEVOL plasmid, and plated on LB agar containing both Amp (50 mg/L) and Cam (50 mg/L) to select cells harboring both plasmids. A colony from the LB/Amp/Cam plate was used to start a 10 mL overnight culture, which was subsequently used to inoculate 500 mL 2x YT media containing Amp and Cam. The culture was grown until an OD 600 of ~ 0.4, and a F-Tyr analog dissolved in NaOH was added to the media to give a final concentration of ~1 mM. After 30 min, 0.05% w/v arabinose was added to induce expression of the E3 or E11 synthetase. The culture was incubated at 37 °C (250 rpm) until the OD 600 reached ~1.0, and then 0.8 mM IPTG was added to the media. After incubating overnight at 30 °C (250 rpm), the cells were harvested and protein was purified using the same protocol as that described for the purification of PixD above. Incorporation of F-Tyr amino acids was analyzed by ESI MS/MS mass spectrometry of tryptic digests using a Thermo Scientific Orbitrap Fusion Lumos instrument.
UV-Vis Spectroscopy
Absorption spectra of all protein samples were obtained at 20 °C using a Cary 100 Bio UV-Vis spectrometer. The concentration of the protein samples was kept at around 80 µM in either H 2 O or D 2 O buffer (50 mM NaH 2 PO 4 , 10 mM NaCl, pH/D 8.0). Dark-adapted spectra were obtained first and then the samples were illuminated with ~500 mW of 455 (± 10) nm light for ~ 1 min in order to generate the light state. Absorption spectra of protein samples were obtained using an Ocean Optics USB2000+ spectrometer described previously. 21 Spectra of dark adapted PixD and the F-Tyr-substituted variants were first obtained, and then the sample window (5 cm 2 area) was irradiated with ~500 mW of 455 (± 10) nm light until the photostationary state was generated. Conversion to the light state was monitored by taking absorption spectra of the samples in the IR cell. Recovery of the dark state was then monitored after illumination was discontinued.
Time-resolved UV-Vis spectroscopy

Ultrafast Time-Resolved Infrared Spectroscopy
Ultrafast time-resolved IR (TRIR) spectra were measured at the STFC Central Laser
Facility with ~ 100 fs time resolution. 43 TRIR spectra were acquired at 20 °C from 1300 -1800 cm -1 at a resolution of 3 cm -1 per pixel. Data were obtained using a 50 µm path length flow cell of volume < 1 ml, which was also rastered in the excitation beam in order to minimize unwanted secondary photochemistry processes such as photobleaching, photodegradation and photoconversion. The excitation beam of the 450 nm 100 fs 5 kHz pulses was focused to a spot size of ~ 100 µm and the pulse energy was kept below 400 nJ to avoid buildup of the light state.
Transient difference spectra (pump on -pump off) were recorded using the IR probe at time delays between 1 ps and 2 ns. After the measurements were recorded, the extent of photoconversion was shown to be negligible using absorbance spectroscopy. Spectra were calibrated relative to the IR transmission of a pure cis stilbene standard sample placed at the sample position. TRIR spectra of light-adapted PixD were recorded while continuously illuminating the sample cell with ~200 mW of 450 nm light from an LED. The cell was rastered during data collection. 13
Time Resolved Multiple Probe Spectroscopy (TRMPS)
TRMPS spectra were also obtained at the STFC Central Laser Facility. 44 The TRMPS method has been described, 44 and previously used by us to analyze the photoactivation of BLUF and LOV domain proteins. 8 Spectra were measured at 20 °C between 100 fs to 200 µs after excitation of FAD at 450 nm. A rastered flow cell was used, and data were acquired using a 450 nm pump operated at 0.6-0.8 µJ per pulse and a repetition rate of 1 kHz. After the measurements were recorded, the extent of photoconversion was shown to be negligible using absorbance spectroscopy. The spectral resolution was 3 cm The initial step in the PixD photocycle was characterized using ultrafast timeresolved infrared (TRIR) spectroscopy which probes changes in the infrared spectrum of both the chromophore and protein following photoexcitation. In the present work, we first reexamine the TRIR spectra of wild-type PixD, acquired at higher S/N than in our previous study, as a foundation for exploring the impact of F-Tyr substitution on the PixD photocycle.
The newly measured TRIR spectra ( Figure 3A) were subjected to global analysis using Glotaran, 45 in which the kinetic traces at all measured wavenumbers were simultaneously fit to a sum of exponential decays. The resulting decay associated spectra, generated by assuming parallel decay of all the components, are presented in the supplementary information ( Figure   S1 ). The corresponding evolution associated spectra (EAS) of wild-type PixD are shown in Figure 3B , where the EAS assume a sequential reaction scheme: for the wild-type photoreceptor, four time constants are needed to adequately describe the data ( Table 1) . Major negative bands (bleaches) are observed at 1700, 1638, 1580, and 1547 cm -1 in Figure 3A , B which are assigned to the C4=O and C2=O carbonyl groups of the flavin (1700 and 1638 cm -1 ) and C-N vibrations of the isoalloxazine ring. 23, [48] [49] In addition to these bleaches, which appear instantaneously after photoexcitation (<100 fs), positive bands (transients) are also Figure 3A, B) , which have different kinetics ( Figure 3D ) and are assigned to FAD 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ground state conformations around the flavin chromophore. Both electron and proton transfer reactions are very distance dependent and sensitive to their environment, so photokinetics will reveal inhomogeneity which is not apparent in crystallography. However, there is clear evidence for FAD radical formation in wild-type PixD as reported previously, [34] [35] and significantly, we are now able to resolve the radical formation into distinct electron and proton transfer phases.
To support the assignments discussed above, we also obtained TRIR spectra of the Y8F
PixD mutant (Figure S2) However, no difference was observed in the evolution of the signal at these two frequencies,
suggesting that only one transfer process occurs in the Y8F mutant. Since the source of the electron is most likely W91, and since this residue cannot donate a proton, we conclude that in Y8F the 1520 cm -1 band is associated with the flavin semiquinone anion, supporting the assignment of the band at 1515 cm -1 in wild-type PixD to FAD •− .
TRIR of the Wild-type PixD Light State
We also obtained TRIR spectra of PixD in the light state (Figure 4) . A bleach is formed instantaneously at 1685 cm 
Effect of Y8 fluorination on PixD photoactivation
Y8 in PixD is essential for photoactivity and has been proposed to function as both the electron and proton donor in the concerted formation of the FAD radical state (PCET). To probe the role of Y8 in PCET, we site-specifically replaced this residue with 3-FY8, 2,3-F 2 Y8, 3,5-F 2 Y8, and 2,3,5-F 3 Y8 in order to modulate both the redox potential and pK a . The F-Tyr analogs were synthesized and incorporated into the protein, 21 and ESI MS/MS analysis did not detect any native Tyr in the F-Tyr substituted proteins indicating that the F-Tyr content of each variant was ≥99% ( Figure S3 ).
Electronic Spectrum:
We first examined the electronic absorption spectrum of each PixD variant.
In Figure 5A the dark state spectrum of each F-Tyr substituted PixD is compared with wild-type 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 FAD. Thus, we can conclude that F-Tyr substitution has not perturbed the FAD binding pocket in a way that alters the electronic spectrum.
Figure 5. Electronic Spectra of Wild-type PixD and the F-Tyr PixD Variants (A)
Comparison of the dark state absorbance spectra of wild-type PixD and the F-Tyr PixD variants. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22
We next analyzed the change in the spectrum caused by photoexcitation. In BLUF proteins, irradiation with blue light results in a ~10 nm red shift in the 450 nm FAD peak, as is observed for wild-type PixD in Figure 5B . Light induced changes are also observed for all the F-Tyr PixD variants with the exception of 2,3,5-F 3 Y8-PixD, although the magnitude of the red shift resolved in these steady-state measurements is apparently lower for 3-FY8, 2,3-F 2 Y8 and 3,5-F 2 Y8 PixD.
TRIR and TRMPS of the Forward Photoreaction:
The TRIR spectra of the F-Tyr-substituted dark adapted PixD proteins are shown in Figure 6 where it can be seen that the major bleaches and transients observed in the initial (2 ps) spectrum of the wild-type PixD are conserved amongst all the substituted proteins. The similarity of the 2 ps TRIR spectra (Figure 6 ) across all proteins indicates that the ground state environment of the flavin has not been perturbed by modification of Y8, consistent with the similarity in the dark state absorption spectra ( Figure 5 ).
However, a small (4 cm -1 ) increase in the C4=O flavin carbonyl model, from 1700 to 1704 cm -1 , is observed in the spectra of the F-Tyr PixD proteins, which may indicate that the hydrogen bond to the C4=O carbonyl is slightly weakened due to the incorporation of F-Tyr analogs, although the effect is not a function of pK a . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24
The TRIR spectra at later times demonstrate that alteration in the reduction potential and/or pK a of Y8 has a dramatic impact on the forward photoreaction (Figure 6 ), in contrast to the BLUF protein AppA BLUF where replacement of the conserved Y21 with F-Tyr analogs results in only a small ~3-fold change in the kinetics for photoactivation over the entire pK a range. 21 3-FY8 PixD exhibits the highest similarity to the wild-type protein although the rate of spectral evolution is described by significantly longer time constants compared to wild-type PixD ( Table   1 In our studies on AppA BLUF , we considered the impact of F-Tyr substitution on the TRIR spectra using Marcus theory to analyze a sequential scheme involving charge separation (k cs )
followed by charge recombination (k cr ) and concluded that either k cs << k cr since no radical intermediate could be detected, or that the reaction proceeded without population of a distinct charge transfer intermediate. Consistent with the absence of electron transfer in the AppA BLUF mechanism, F-Tyr substitution only had a small (3-fold) effect on the overall rate of light state formation. 21 Although the situation is more complex in PixD, since both electron and proton transfer are clearly involved, in contrast to AppA BLUF , the data do indicate that the rate of charge 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 separation must be faster than recombination, since a flavin radical clearly forms on photoactivation (Figure 3) . In addition, the observation that the rate of radical formation and decay are both decreased by fluorination suggests that both k cs and k cr are in the Marcus inverted region.
The TRIR spectra of 2,3-F 2 Y8, 3,5-F 2 Y8, and 2,3,5-F 3 Y8 PixD differ more dramatically from the wild-type data than those of 3-FY8 PixD (Figure 6 ). The most significant differences include the lack of a distinct 1535 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 excited state, allowing intersystem crossing to compete. Due to the slower excited state decay in 3-FY8, 2,3-F 2 Y8, 3,5-F 2 Y8, and 2,3,5-F 3 Y8 PixD ( Figure S6 ) we also observe a significant increase in flavin fluorescence with an ~3-fold increase in quantum yield between the wild-type protein and the F-Tyr substituted PixD variants (Table S2) .
Taken together, the data suggest that the change in reduction potential and/or pK a of Y8
upon di-and tri-fluoro substitution apparently halts the photocycle after FAD •− is formed. A simple explanation for the lack of further progression of the photocycle is that the pK a of 2,3-
, and 2,3,5-F 3 Y8 has dropped sufficiently that this residue is no longer protonated and thus cannot transfer a proton to FAD •− , supporting the importance of PCET in the photoactivation of PixD. The proton transfer is evidently critical for trapping the light state in which Q50 has rotated to H-bond to the C4=O carbonyl group.
Recovery of the Dark State
The electronic spectra of wild-type PixD and the F-Tyr PixD variants indicate that photoexcitation leads to the formation of a red-shifted absorption spectrum for all proteins except 2,3,5-F 3 Y8 PixD (Figure 5) , which is evidence for the formation of the PixD light state in those cases. However, under the same illumination conditions the red shift is clearly less marked for 2,3-F 2 Y8 and 3,5-F 2 Y8 PixD than for wild-type and 3-FY8 PixD. This is consistent with the slower excited state decay, indicating a reduced quenching rate constant for light state formation, thus allowing other processes (such as intersystem crossing) to compete. One apparent paradox is that for all PixD variants, except 2,3,5-F 3 Y8 PixD, the red shift in the absorption spectra indicates light-state formation, whilst, based on the TRIR spectra, we concluded that the photocycle for 2,3-F 2 Y8 and 3,5-F 2 Y8, as well as 2,3,5-F 3 Y8 PixD stalled after the initial 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 electron transfer event. This suggests that the light state populated during the continuous illumination, generating the red-shifted electronic spectra, is not sufficiently stable to result in an observable signal in the single-shot TRIR spectra of 2,3-F 2 Y8 and 3,5-F 2 Y8 PixD. To test this hypothesis, we obtained TRIR spectra under continuous illumination (Figure 7) . In the TRIR spectra of both wild-type PixD and 3-FY8 PixD, continuous illumination at 450 nm leads to the observation of a bleach at 1686-1689 cm -1 which is assigned to the C4=O carbonyl group of the light state, consistent with the transient observed at ~1690 cm -1 in the pump-probe TRIR spectra ( Figures 3, 4 and 6) . However, in 2,3-F 2 Y8 PixD two bands are observed, at 1686 and 1700 cm PixD. These data indicate that the light state can be partially populated in 2,3-F 2 Y8 PixD, and possibly in 3,5-F 2 Y8 PixD, under continuous illumination, consistent with the steady state spectra; however, such a light state may be unstable with respect to reversion to the dark state.
One plausible explanation is the generation of an increasing fraction of a population of PixD which is incapable of light state formation with decreasing Y8 pK a .
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PixD.
Based on the conclusion that the alteration in the electronic spectra upon photoexcitation represented light state formation, we monitored the time-dependent recovery of the absorption spectra to quantify the rate of dark state recovery. It has already been noted that the rate of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29 recovery in wild-type PixD is substantially greater than for AppA BLUF ( c The pK a is that for the amino acid in solution. In contrast to major differences in the mechanism of photoactivation, the recovery of the dark state in AppA BLUF and PixD appear to follow essentially the same mechanism, although there are large absolute differences in the recovery rates. Large normal isotope effects are observed on the rate of recovery for both proteins, and in each case the increase in acidity of the conserved Tyr results in an increase in the observed rate constant, albeit that the change in rate has a less significant role in the mechanism of recovery. In addition, the differences in α indicate that the transition state in AppA BLUF is similar in structure to that of the dark state whereas the transition state in PixD more closely resembles the photoactivated state of the protein. 55 It is difficult to rationalize the different roles for the conserved Tyr in AppA BLUF and PixD, given the similarity in the position of Y21 and Y8 from the X-ray structures. However, the flavin binding pockets in the two proteins are not strictly conserved. For instance, in PixD the flavin C2=O group is hydrogen-bonded to two amino acids, N31 and R65, whereas in AppA the C2=O is only hydrogen bonded to H44, the homolog of N31. Analysis of existing data for other BLUF proteins suggests that the presence of two hydrogen bonds to the C2=O may correlate with radical formation. The N31, R65 hydrogen bonding motif is repeated in TePixD (Tll0078), 56 which also forms a radical during the photocycle. 57 In contrast, while N31 is replaced by an Arg in BlrB, a second hydrogen bond donor to C2=O is not present, 6 and there is no evidence for radical formation during photoactivation of this BLUF protein. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Phe. Again, while radical formation is detected during the photocycle of PapB, 39 remains to be seen how protein-protein interactions in physiologically relevant complexes of the BLUF proteins might affect the photocycles that have been so thoroughly characterized in the isolated BLUF domains. Our observation that relatively small changes in structure modify the mechanism of photoactivation suggest that this might be a fruitful line of research.
Conclusion
The role of Y8 in the photocycle of the BLUF protein PixD has been probed via a combination of unnatural amino acid mutagenesis and ultrafast infrared spectroscopy. In the wild-type protein, the TRIR spectra are consistent with a photoactivation mechanism in which and proton in the PCET mechanism, since at pH 8 the Tyr analogs will be deprotonated.
Although no stable light state can be detected in the TRIR spectra of 2,3-F 2 Y8, 3,5-F 2 Y8 and 2,3,5-F 3 Y8 PixD, a photostationary population of light state can be generated in 2,3-F 2 Y8 and 3,5-F 2 Y8 PixD indicating that the reaction coordinate leading to the light state is still accessible, but that the light state reversion to the ground state is accelerated. In contrast to the profound impact on the forward photoreaction, F-Tyr substitution has a more modest effect on the rate of dark state recovery. These observations differ fundamentally from the impact of F-Tyr substitution on the photocyle of AppA BLUF where the change in pK a and reduction potential have only a minor effect on excited state decay, but increase the rate of dark state recovery 4,000-fold.
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